Regulatory T (T reg) cells are indispensable for preventing autoimmunity. Incumbent to this role is the ability of T reg cells to exert their suppressor function under infl ammatory conditions. We found that T reg cell -mediated tolerance is critically dependent on the Dicercontrolled microRNA (miRNA) pathway. Depletion of miRNA within the T reg cell lineage resulted in fatal autoimmunity indistinguishable from that in T reg cell -defi cient mice. In disease-free mice lacking Dicer in all T cells or harboring both Dicer-defi cient and -suffi cient T reg cells, Dicer-defi cient T reg cells were suppressive, albeit to a lesser degree, whereas their homeostatic potential was diminished as compared with their Dicer-suffi cient counterparts. However, in diseased mice, Dicer-defi cient T reg cells completely lost suppressor capacity. Thus, miRNA preserve the T reg cell functional program under infl ammatory conditions.
The deleterious eff ects of autoreactive cells and excessive pathogen-specifi c immunity are curtailed by multiple mechanisms, of which T reg cell -mediated suppression is particularly prominent. The diff erentiation of the T reg cell lineage is guided by the X chromosome -encoded transcription factor Foxp3 ( 1 -4 ). Mutations aff ecting T reg cell diff erentiation and homeostasis in humans and mice revealed their indispensable role in preventing systemic autoimmunity ( 5 -8 ) . Likewise, ablation of T reg cells in healthy adult mice leads to a systemic aggressive autoimmune myelolymphoid hyperproliferative syndrome and death within 3 wk ( 9 ) .
The high level of Foxp3 expression, a hallmark of T reg cells, is needed to establish and maintain a distinct transcriptional program determining metabolic, signaling, and eff ector features (i.e., suppressive functions), distinguishing these cells from other T cell lineages ( 10 -14 ) . Several thousand genes are diff erentially expressed in Foxp3 + T reg cells, including a subset of noncoding small regulatory microRNA (miRNA), some of which are directly regulated by Foxp3, suggesting a role for miRNA-mediated regulation of gene expression in T reg cell diff erentiation, maintenance, or function (unpublished data) ( 11, 15 -17 ) . One of the models of miRNA function in cell physiology postulates that miRNA are essential for " buff ering " the gene expression " noise " elicited by the environmental stress ( 18 ) . Incumbent to the role of T reg cells in suppressing autoimmunity is the ability to exert their suppressor function while operating within microenvironments in which cytokines and other bioactive substances produced by activated cells of the adaptive and innate immune system result in infl ammation, a context guiding the eff ector T (T E ) cell diff erentiation. Thus, we examined a role for miRNA in T reg cell suppressor function under physiological and infl ammatory conditions.
The recent observation of a two-to threefold decrease in the proportion of Foxp3 + T reg cells in mice subjected to a T cell -specifi c deletion of a conditional Dicer allele seems manifest to a role for miRNA in T reg cell diff erentiation ( 15 ) . However, a general impairment in thymic diff erentiation observed upon Dicer deletion at the double-negative or double-positive stage of thymocyte development mediated by a signifi cant increase in the CD62L low CD4 T cell subset, while the Foxp3 + T reg cell population also signifi cantly expanded, albeit to a lesser degree ( Fig. 2 , D -F ; and Fig. S1 , available at http://www.jem.org/cgi/content/full/ jem.20081062/DC1). This increase in T cell numbers was also accompanied by up-regulation of activation markers, including inducible T cell co-stimulator (ICOS), cytotoxic T lymphocyte antigen 4 (CTLA4), and CD25, in the Foxp3 Ϫ T cell population (Fig. S2) . The lack of severe pathologies in the CD4-Cre Dicer fl /fl strain indicates that a hitherto unappreciated severe cell-intrinsic defect in the activation of naive T (T N ) cells and their subsequent diff erentiation into T E cells masks the devastating consequences of Dicer defi ciency in T reg cells.
Immune dysregulation observed upon T reg cell -specifi c ablation of Dicer
We next sought to examine whether the loss of Dicer in T reg cells resulted in the increased T cell cytokine and IgE production characteristic of Foxp3-defi cient mice and human patients lacking T reg cells ( 3, 26, 27 ) . Indeed, both Foxp3 creDicer fl /fl and Foxp3 ko mice exhibited a sharply augmented Th1, Th2, and Th17 cell diff erentiation based on the increased proportion and absolute numbers of IL-2 -, IL-4 -, IL-5 -, IFN-␥ -, and IL-17 -producing CD4 + T cells and IFN-␥ -producing CD8 + T cells ( Fig. 3, A and B ; and Table I ). One notable exception was TNF-␣ , where the production by CD4 T cells was not changed in Foxp3 cre Dicer fl /fl mice yet was somewhat diminished in Foxp3 ko mice. In contrast to T reg cell -restricted Dicer defi ciency, cytokine secretion levels in CD4-Cre Dicer fl /fl mice with pan -T cell Dicer defi ciency remained largely intact ( Fig. 3, A and B ; and Table I ) . Similarly, cytokine secretion profi les in heterozygous female Foxp3 cre/wtDicer fl /fl mice were comparable to those observed in the littermate controls, demonstrating that the presence of Dicer-suffi cient T reg cells was able to maintain immunological tolerance (Fig. S3 and Table S1 , available at http://www.jem.org/cgi/ content/full/jem.20081062/DC1).
In addition to the regulation of T cell proliferation and cytokine production, T reg cell -mediated suppression has been implicated in restraining B cell responses, as both Foxp3-defi cient mice and human patients exhibit hyper-IgE syndrome ( 27, 28 ) . Therefore, to further compare the autoimmune syndrome commencing in Foxp3 cre Dicer fl /fl with that in Foxp3 ko mice, we measured serum Ig isotype levels in these and control mice. In full agreement with the observed augmentation of Th2 cytokine secretion, we found signifi cant increases in serum IgM and IgG1 levels, as well as sharply augmented serum IgE levels reaching ‫ف‬ 100 μ g/ml in both Foxp3 KO and Foxp3 cre Dicer fl /fl mice, while remaining at undetectable levels in littermate controls. Consistent with the lack of obvious signs of T cell activation and unaltered cytokine production, serum Ig levels were unchanged in CD4-Cre Dicer fl /fl mice ( Fig. 3 C ) . These data suggest that the immune lesions observed in the presence of Dicer-defi cient T reg cells, like those in Foxp3-defi cient mice, are associated with the comparable lck-Cre or CD4-Cre, respectively ( 15, 19 ) , obscures the understanding of a specifi c role for the Dicer-controlled miRNA pathway in T reg cell biology. Furthermore, in addition to the reduced T reg cell subset, diminished T cell numbers and perturbed cytokine production by eff ector helper T cells may contribute to the colitis reported in aged CD4-Cre Dicer fl /fl mice ( 15 ) . To overcome these confounding factors, we used a Foxp3 Cre knock-in allele to delete a conditional Dicer allele in T reg cells. Although certain small regulatory RNA species other than miRNA were shown to be dependent on Dicer in Drosophila and mice, they have not been found so far in T cells ( 20 -24 ) . Therefore, the observed effects of Dicer defi ciency in T reg cells can be most attributed to an impaired miRNA pathway. We found that both the homeostasis and suppressor capacity of T reg cells were markedly reduced in T reg cells under noninfl ammatory conditions. However, the most striking role for miRNA in T reg cells was revealed under infl ammatory conditions, where T reg cells became activated and increased in numbers yet entirely lost their suppressive capacity. This led to the progression of fatal early onset lymphoproliferative autoimmune syndrome indistinguishable from that observed in Foxp3 mutant mice devoid of T reg cells. These data implicate miRNA as key guardians of a stable T reg cell functional program under infl ammatory conditions.
RESULTS

Rapid fatal autoimmunity caused by T reg cell -specifi c ablation of Dicer
To understand the role of the Dicer-controlled miRNA pathway in T reg cell biology, we induced ablation of a conditional Dicer fl allele, and therefore miRNA production, before and after up-regulation of Foxp3 using the CD4-Cre transgene (pan -T cell) and a Foxp3 Cre knock-in allele (T reg cell specifi c), respectively ( Fig. 1 A ) . The latter was generated by insertion of a yellow fl uorescent protein (YFP) -Cre fusion protein DNA coding sequence equipped with an internal ribosome entry site into the 3 Ј untranslated region of the Foxp3 gene ( 25 ) . Depletion of select miRNA as a result of Foxp3-Cre -mediated Dicer ablation was confi rmed by quantitative PCR (qPCR; Fig. 1 , B and C ). To enable functional analysis of T reg cells, we introduced the previously described Foxp3 gfp reporter allele ( 4 ) into CD4-Cre -expressing mutant mice, while T reg cells were marked by YFP in Foxp3 Cre mice. Although CD4-Cre Dicer fl /fl mice remained healthy during the time of observation (up to 16 wk of age), Foxp3 Cre Dicer fl /fl mice developed highly aggressive autoimmune lesions during the third week of life. Disease manifested in runting, failure to thrive, dermatitis, lymphadenopathy and splenomegaly, and massive lymphocytic tissue infi ltration that was particularly severe in the lungs, liver, and skin ( Fig. 2, A -C ) . The severity and precipitous progression of the autoimmune syndrome, which resulted in death by 4 wk of age, were indistinguishable from those observed in mice devoid of T reg cells because of a germline or T cell -specifi c Foxp3 ablation ( 3, 4 ). The observed lymphoproliferation was associated with were found in the thymus ( Fig. 4 , B and C ). However, these mice exhibited a signifi cant relative reduction in Dicer-defi cient T reg cells in the periphery ( Fig. 4, B and D ) . Diminished competitive fi tness of Dicer-defi cient T reg cells was consistent with previously observed reduced proliferative activity and increased apoptosis in the bulk Dicer-defi cient T cell population ( 19 ) . To further examine the impaired homeostasis of Dicer-defi cient T reg cells in noninfl ammatory settings, total lymphocyte populations were isolated from female Foxp3 Cre/wtDicer fl /fl mice or control Foxp3 Cre/wt Dicer fl /wt mice, and the proliferative activity and apoptosis were assessed in freshly isolated and in vitro -stimulated T reg cells using Ki67 and active caspase-3 (FITC-tagged VAD-FMK) staining, respectively. We found similar frequencies of Ki67 + and VAD-FMK + cells within ex vivo -isolated T reg cell subsets regardless of the presence or absence of Dicer. Upon TCR stimulation, however, the proportion of proliferating Ki67 + Dicer-defi cient T reg cells was decreased, whereas the proportion of apoptotic VAD-FMK + Dicer-defi cient T reg cells was increased in comparison to their Dicer-suffi cient counterparts ( Fig. 4 , E and F ). As a result, the ratio of Dicer-defi cient (YFP + ) excessive diff erentiation of Th1, Th2, and Th17 cell lineages and increased Ig production.
Compromised homeostasis in Dicer-defi cient T reg cells
Rapid progression and severity of clinical manifestations and tissue lesions, the extent of T cell activation, and elevated IgE and IgG1 production indistinguishable from Foxp3 ko mice lacking T reg cells were indicative of a severely compromised T reg cell compartment in Foxp3 Cre Dicer fl /fl mice. Deletion of Dicer before Foxp3 up-regulation resulted in a diminished T reg cell subset (Fig. S4 , available at http://www.jem.org/cgi/ content/full/jem.20081062/DC1) ( 15 ) . In our study, we found that female Foxp3 Cre/wt heterozygous mice, harboring a Foxp3 Cre Dicer-defi cient T reg cell population and a Foxp3 wt Dicer-suffi cient T reg cell population caused by X chromosome inactivation, were healthy and showed no alterations in percentages or numbers of total Foxp3 + T reg, naive CD62L hi (T N cells), and " antigen-experienced " CD62L lo CD4 T cells (T E cells; Fig. 4 A ) . Of the Foxp3 + T reg cell population in female heterozygotes, a comparable proportion of Foxp3 Creexpressing Dicer-defi cient and -suffi cient Foxp3 + T reg cells these results, T reg cells isolated from CD4-Cre Dicer fl /fl mice also exhibited a similarly reduced suppressive capacity when co-cultured with wild-type naive CD4 T cells ( Fig. 5 B ) . Naive CD4 T cells from CD4-Cre Dicer fl /fl mice exhibited a reduced proliferative response (Fig. S6 , available at http:// www.jem.org/cgi/content/full/jem.20081062/DC1) ( 19 ) and altered cytokine production upon in vitro stimulation under Th1, Th2, and Th17 skewing conditions ( 15, 19 ) , making it likely that the diminished suppressive capacity of T reg cells is still suffi cient to keep in check T E cells in CD4-Cre Dicer fl /fl mice. Remarkably, Dicer-defi cient Foxp3 + T cells FACS purifi ed from Foxp3 Cre Dicer fl /fl littermates were completely devoid of suppressor activity and instead showed a robust in vitro proliferative response consistent with the identical autoimmune syndrome in these and Foxp3-deficient mice ( Fig. 5, A and B ) . The loss of the typical anergic phenotype of Dicer-defi cient T reg cells isolated from the infl ammatory environment has two important implications: fi rst, it demonstrates that the loss of suppressive function cannot be caused by T reg cell failure to survive in vitro; and second, it indicates that two principal T reg cell characteristics, suppressive capacity and in vitro anergy, are lost in an infl ammatory environment.
Diminished expression of multiple suppressor molecules in Dicer-defi cient T reg cells
Recent papers have demonstrated that Foxp3 ablation or reduced expression in mature T reg cells results in a complete or partial loss of suppressor function, providing a potential clue for the loss of suppressor function described above ( 12, 14 ) . However, we found comparable Foxp3 mRNA and protein levels in the T reg cells of each genotype ( Fig. 1 D  and Fig. 6 A ) , suggesting that the loss of suppressive capacity was not caused by changes in Foxp3 itself, but rather by low expression of putative suppressor eff ector molecules, such as CTLA4, subject to miRNA-dependent regulation. In agreement with the marked impairment in suppressor capacity of Dicer-defi cient T reg cells in disease-free (Fig. S5) . Thus, impaired peripheral homeostasis can account for the decreased proportion of Dicer-defi cient T reg cells cohabiting with wild-type T reg cells in the healthy heterozygous Foxp3 Cre/wt Dicer fl /fl female mice. However, the homeostatic insuffi ciency of Dicerdefi cient T reg cells alone is unlikely to account for the severe pathology exhibited by male Foxp3 Cre Dicer fl /fl mice, as comparably defi cient T reg cell proliferation and diminished T reg cell numbers were observed upon the loss of a single miRNA, miR155, in the absence of frank immune dysregulation (unpublished data).
Complete failure of suppressor function in Dicer-defi cient T reg cells under infl ammatory conditions
Although the inferior homeostatic properties of Dicer-deficient T reg cells revealed in the absence of infl ammation may contribute to their reduced proportion in sick Foxp3 Cre Dicer fl /fl male mice, the aforementioned signifi cant increase in the absolute numbers of Dicer-defi cient Foxp3 + T reg cells in these mice indicated that Dicer-defi cient T reg cells are capable of expansion and activation (see the following section), and suggested that the critical tolerance breakdown in Foxp3 Cre Dicer fl /fl mice might result, at least in part, from the crippling of T reg cell function. To examine the suppressor function of these T reg cell subsets in a semiquantitative manner, we performed in vitro suppression assays. T reg cells isolated from Foxp3 Cre Dicer wt/wt or Foxp3 Cre Dicer fl /wt littermates served as a control in these experiments. We found that FACS-purifi ed Dicer-defi cient T reg cells from healthy female Foxp3 Cre/wt Dicer fl /fl mice were " anergic " (i.e., unable to proliferate in response to TCR stimulation), retaining this distinguishing feature of wild-type T reg cells. More importantly, these cells were still functional, albeit markedly (approximately fourfold) less effi cient on a per cell basis compared with the Dicer-suffi cient T reg cells isolated from their wild-type counterparts ( Fig. 5 A ) . In agreement with Splenocytes isolated from mice of the indicated genotypes were stimulated in vitro with 1 μ g/ml CD3 and 1 μ g/ml CD28 antibodies for 5 h and assessed for cytokine production by intracellular staining. Values shown represent the mean and standard deviation of the percentage of CD4 + Foxp3 Ϫ cells producing the corresponding cytokines ( n = 4 -7).
T reg cell surface levels of CTLA4 and other surface markers were similar in CD4-Cre mice, we found decreased expression of some putative suppressor molecules, including CTLA4, IL-10, EBV-induced gene 3 (Ebi3), and granzyme B ( Fig. 6, A and B ) , whereas others, such as TGF-␤ , remained unaff ected ( Fig. 6 B ) . Dicer-defi cient In these experiments, the control group included serum samples from both B6 mice as a control for Foxp3 ko and from Dicer-suffi cient littermate control mice. The two control groups did not show signifi cant differences in Ig isotype levels in two independent experiments (B6, n = 5; Dicer littermate controls, n = 13). Values shown are means ± standard deviation.
However, in apparent contradiction to the aforementioned reasoning, CTLA4 as well as ICOS were increased in diseased Foxp3 Cre Dicer fl /fl mice to levels approaching those observed in Dicer-suffi cient T reg cells in wild-type mice ( Fig. 6 A ) . However, expression of these molecules is also signifi cantly augmented in wild-type T reg cells under infl ammatory conditions. Therefore, to examine the expression of several characteristic cell-surface molecules, including those implicated in T reg cell reg cells, as well as with in vitro diff erentiation of Th1 and Th17 T E cells ( 15, 19 ) . Our investigation of the functional consequences of miRNA depletion in T reg cells, using the deletion of a conditional Dicer allele subsequent to Foxp3 upregulation, and, therefore, T reg lineage commitment, revealed a multifaceted role for miRNA in T reg cell biology. Consistent with the described role for the miRNA pathway in conventional T cells and B cells, miRNA-mediated regulation of gene expression signifi cantly contributed to the resistance of T reg cells to activation-induced apoptosis. In B cells, up-regulation of the proapoptotic protein Bim was shown to be responsible, at least in part, for this eff ect ( 31 ) . We also observed an increase in Bim mRNA in Dicer-deficient T reg cells (unpublished data). Together with the increased apoptosis, inferior proliferative potential can explain the overall impairment in the homeostasis of Dicer-defi cient T reg cells compared with their Dicer-suffi cient counterparts. In addition to these expected outcomes of miRNA depletion in T reg cells, we found a marked impairment in the suppressor function of Dicer-defi cient T reg cells isolated from healthy mice. The latter was accompanied by a decrease in the expression of several, but not all, suppressor -eff ector genes, which were recently implicated in the execution of T reg cell suppressor function. In this regard, the deleterious eff ect of the loss of Dicer on in vitro suppressor function was somewhat greater on a per cell basis than that observed because of a complete lack of one known mechanism, Ebi3 ( 32 ). Thus, diminution in multiple eff ector modalities likely contributes to the observed functional insuffi ciency of Dicer-defi cient T reg cells under physiological conditions. Although not formally excluded, possible low Dicer activity in T reg cells in eff ector function, by Dicer-defi cient and -suffi cient T reg cells in the same infl ammatory environment, we adoptively transferred wild-type Ly5.1 + T reg cells into Foxp3 Cre Dicer fl /fl mice ( Fig. 6 C ) . These experiments also tested the competitive fi tness of Dicer-defi cient T reg cells in diseased mice. Unexpectedly, on day 5 after transfer, we found that transferred wild-type T reg cells represented only 1% of the Foxp3 + T cell population in recipient mice and, therefore, failed to rescue the disease ( Fig. 6 D ) . Thus, despite a decreased proportion of Ki67 + cells in sick mice ( Fig. 6 E ) , the Dicer-defi cient Foxp3 + cell subset keeps the T reg cell niche fully occupied and, thus, represents a " niche-fi lling " nonfunctional T reg cell population. This provides further evidence that the T reg cell defi ciency underlying the fatal pathology is not solely caused by a homeostatic insuffi ciency. Consistent with their functional deficiency, these cells expressed signifi cantly lower levels of CTLA4, ICOS, and CD73 compared with their wild-type counterparts, whereas levels of CD25, CD62L, IL-7R ␣ , and glucocorticoid-induced TNFR (GITR) were comparable ( Fig. 6 E ) . CTLA4-induced cross-linking of B7 on APCs and activated T cells and CD73-dependent adenosine generation were both proposed to serve as eff ector mechanisms of T reg cell -mediated suppression ( 29, 30 ) . Furthermore, ablation of CTLA4 in T reg cells leads to fatal autoimmunity at 6 -8 wk of age (unpublished data). Thus, in disease-free mice, multiple eff ector modalities were impaired in T reg cells in the absence of Dicer, consistent with their reduced ability to suppress.
DISCUSSION
Previous studies showed that ablation of Dicer in developing thymocytes interfered with the diff erentiation of Foxp3 + T healthy Foxp3 Cre/wt Dicer fl /fl females appears unlikely to account for the remaining suppressor activity in these cells, as comparable activity was found in T reg cells isolated from CD4-Cre Dicer fl /fl mice ( Fig. 5 ) . Previous studies showed that CD4-Cre -mediated deletion of Dicer in T cells depleted miRNA essentially to completion ( 19 ) .
The most striking fi nding, however, was the observed necessity for miRNA for T reg cell -mediated tolerance in diseased mice. This need likely stems from the aforementioned discernable functions of miRNA-dependent gene regulation in T reg cell homeostasis and suppressive function under physiological conditions, eventually leading to the infl ammatory condition. In this regard, an impediment in T reg cell homeostasis quantitatively similar to that of Dicer-defi cient T reg cells was observed in lymphoreplete mice upon the loss of a single miRNA, miR155, without a marked impairment in suppressor capacity (unpublished data). Furthermore, the robust in vitro proliferation of Dicer-defi cient T reg cells isolated from diseased mice, together with the signifi cant increase in Foxp3 + T cell numbers and their markedly augmented activation status, argue against the possibility that impaired T reg cell homeostasis solely accounts for the loss of T reg cellmediated suppressive function under infl ammatory settings.
Nevertheless, it is likely that at an early point of disease progression, before a major fl are up of infl ammation, inferior proliferative capacity and increased cell death contribute to the failure of T reg cell -mediated tolerance in Foxp3 Cre Dicer fl /fl mice, along with signifi cantly impaired suppressor function. At later stages of disease, however, a complete loss of suppressor activity by expanded Dicer-defi cient Foxp3 + cells can fully account for the rapid progression of fatal lesions matching those in mice lacking T reg cells. In this regard, we recently found a similarly diminished in vitro suppressor capacity and impaired homeostasis of Foxp3 + T reg cells defi cient in NFAT activation, STAT5, or CD122 in disease-free mice cohabited by a subset of mutant and wildtype T reg cells. However, unlike Dicer-defi cient T reg cells, all mutant T reg cells signifi cantly increased their suppressor capacity in diseased mice (unpublished data). Thus, the essential stabilizing eff ect of the Dicer-controlled miRNA pathway on establishing T reg cell homeostasis and maintaining suppressor function appears distinct from the role of several key transcription factors, facilitating a fully competent suppressor function in T reg cells in the partnership with Foxp3.
It seems likely that the loss of multiple miRNA species contributed to proliferative inferiority, increased apoptosis, weakened suppressor function under physiological conditions, and loss of lineage integrity (i.e., suppressor function and in vitro anergy) under infl ammatory conditions. Support for this notion comes from the aforementioned observation that miR155-defi cient T reg cells exhibited impaired homeostasis and proliferative potential, but were comparable in their susceptibilities to apoptosis. Furthermore, the in vitro and in vivo suppressive functions of miR155-defi cient T reg cells were largely intact, again demonstrating that distinct miRNA species control diff erent facets of the Dicer-dependent T reg cell behavior (unpublished data).
Collectively, our results suggest that miRNA-mediated regulation of gene expression is important for the establishment of Foxp3-dependent T reg cell homeostasis and a suppressor program. In addition, the miRNA pathway might have a role in the sustenance of this program in the face of infl ammation. This fi nding opens up an avenue for the future identifi cation and mechanistic analyses of specifi c miRNA involved in this process, and points to targeted manipulation of the miRNA pathway as a potential means of aff ecting regulatory T cell suppressor function in experimental and clinical settings.
MATERIALS AND METHODS
Mice. Foxp3 KO , Foxp3 fl , Foxp3 GFP , CD4-Cre, Foxp3 YFPCre , and Dicer fl mice were all backcrossed to the C57BL/6 background ( 3, 4, 25, 33, 34 ) . Experimental mice were age matched and housed under specifi c pathogen -free conditions. Disease development was monitored by frequent visual observation and histological analysis of the tissues using hematoxylin and eosin staining (Histology Consultation Services). All mice were used in accordance with guidelines from the University of Washington Institutional Animal Care Committee.
In vitro proliferation, apoptosis, and suppression assays. 2 × 10 6 lymphocytes isolated from Foxp3 Cre/wt Dicer fl /fl and Foxp3 Cre/wt Dicer fl /wt mice were cultured in a 24-well plate in the presence of 1 μ g/ml CD3 (2C11) and 1 μ g/ml CD28 (37.51) antibodies and 100 U/ml of human IL-2 at 37 ° C for the times indicated in the fi gures. For the proliferation studies, Ki67 staining was performed as described in Flow cytometry, cytokine secretion assays … For the apoptosis studies, FITC-VAD-FMK (Promega) was used to measure caspase-3 activity according to the manufacturer ' s instructions. Total lymphocytes were stimulated as described. For some cases, anti-CD3/anti-CD28 -activated cells were washed and restimulated with 1 μ g/ml CD3 antibody for an additional 24 h before the apoptosis analysis.
In vitro suppression assays were performed on a co-culture of 2 × 10 4 CD4 + YFP Ϫ CD62L hi T cells with the numbers of CD4 + YFP + CD62L hi T reg cells or CD4 + GFP + CD62L hi cells indicated in the fi gures FACS purifi ed to > 90% purity from Foxp3 Cre Dicer fl /fl or CD4-Cre Dicer fl /fl mice, respectively, or littermate control mice, in the presence of irradiated (2,000 rad) T cell -depleted splenocytes (10 5 per well) and 1 μ g/ml CD3 antibody in round-bottom plates for 72 h at 37 ° C. T cell proliferation was assessed by [ 3 H]TdR incorporation (counts per minute) in triplicate wells during the last 8 h of culture.
Cell isolation and adoptive transfer. Ly5.1 + CD4 + CD25 + T reg cells were isolated by magnetic separation with MACS (Miltenyi Biotec) according to the manufacturer ' s instructions. 10 6 isolated T reg cells were then transferred into Foxp3 Cre Dicer fl /fl mice by tail vein injection. Mice were killed 5 d after the transfer, and Foxp3 + T reg cell subsets were analyzed by fl ow cytometry.
Flow cytometry, cytokine secretion assays, and serum Ig isotype analysis. Cell-surface staining and fl ow cytometric analysis of CD4, CD8, CD62L, CD73, GITR, IL-7R ␣ , CD25, ICOS, and CD103 expression were performed as previously described ( 4 ) . Intracellular staining with anti-Foxp3 (eBioscience), GFP/YFP (Invitrogen), Ki67, CTLA4, and cytokine-specifi c antibodies (BD Biosciences) was performed after fi xation and permeabilization using the reagents from the Foxp3 staining kit (eBioscience).
To measure T cell cytokine production, 2 × 10 6 splenocytes were stimulated in 24-well plates with 1 μ g/ml CD3 and 1 μ g/ml CD28 antibodies in the presence of GolgiPlug (BD Biosciences) for 5 h at 37 ° C. Cells were stained for CD4, CD8, Foxp3, and the corresponding cytokines, according to the manufacturer ' s protocol.
Ig isotype levels in titrated serum samples were measured using a standard Ig isotype -specifi c sandwich ELISA against a standard curve using the
